The synthesis and DNA binding properties of bis-PNA (peptide nucleic acid) are reported. Two PNA segments each of seven nucleobases in length were connected in a continuous synthesis via a flexible linker composed of three 8-amino-3,6-dioxaoctanoic acid units. The sequence of the first strand was TCTCTTT (C-to N-terminal), while the second strand was TTTCTCT or TTTJTJT, where J is pseudoisocytosine. These bisPNAs form triple-stranded complexes of somewhat higher thermal stability than monomeric PNA with complementary oligonucleotides and the thermal melting transition shows very little hysteresis. When the J base is placed in the strand parallel to the DNA complement ('Hoogsteen strand'), the DNA binding was pH independent. The bis-PNAs were also superior to monomeric PNAs for targeting double-stranded DNA by strand invasion.
INTRODUCTION
Homopyrimidine peptide nucleic acids (PNA) (Fig. 1 ) bind to complementary DNA or RNA oligonucleotides forming (PNA)2/DNA (RNA) triplexes of very high thermal stability (1) (2) (3) . Due to the high stability of such (PNAfe/DNA triplexes, binding of PNA to homopurine targets in double-stranded DNA takes place via strand displacement (1, 4, 5) , instead of conventional triple helix formation as observed with natural oligonucleotides (6, 7) . While PNA/DNA duplexes are most stable in the antiparallel configuration (8, PNAs are oriented from the N-to the C-terminal, thus if the N-end of the PNA faces the 5'-end of the oligonucleotide the complex is termed parallel), the parallel orientation seems to be preferred for (PNA)2/DNA triplexes (3) if only one species of PNA is employed. As would be predicted from these results, the most stable (PNA)2/DNA triplexes are formed when the Watson-Crick base pairing PNA strand is in the anti-parallel orientation relative to the DNA strand (8) and the Hoogsteen strand is in the parallel orientation relative to the DNA strand (i.e. the two PNA strands are anti-parallel relative to each other) (Nielsen et al, in preparation) .
As a logical consequence of this, dimeric PNA molecules (bis-PNAs) with one strand designed for Watson-Crick recognition of DNA (RNA) and the other strand designed for Hoogsteen recognition of a PNA-DNA duplex should be optimal for (PNA)2/DNA triplex stability and thus enhance strand displacement binding to double-stranded DNA. We describe here such bis-PNAs which furthermore contain pseudoisocytosine instead ofcytosineinthe 'Hoogsteen strand' to avoid pH sensitivity of the binding.
MATERIALS AND METHODS

Synthesis of N-(2-boc-aminoethyl)-/V-(A'
2 -(benzyloxycarbonyl)isocytosin-5-ylacetyl)glycine, the pseudoisocytosine PNA monomer Methyl a-formylsuccinate. This procedure is a modification of the one published by Fissekis and Sweet (9) . Sodium methoxide (40.5 g, 0.75 mol) was suspended in dry ether (500 ml) and stirred under nitrogen at 0°C. A mixture of dimethyl succinate (65.4 ml, 0.50 mol) and methylformate (123 ml, 2.00 mol) was added dropwise over 30 min. The reaction mixture was stirred at 0°C for 2 h and then at room temperature overnight. Subsequently, the reaction mixture was evaporated to a viscous brown residue which was washed once with petroleum ether and then dissolved in 3 M hydrochloric acid (160 ml). This solution was made weakly acidic with concentrated hydrochloric acid and then extracted with dichloromethane (4x250 ml). The organic phase was dried (MgSO4), filtered and evaporated under reduced pressure. The resulting residue was distilled in a kugelrohr apparatus at 60°C and 0.6 mbar yielding 52.3 g of a mixture of the title compound and dimethyl succinate in the molar ratio 80:20 (determined by NMR) as a colorless oil. This mixture might be used directly in the following preparation.
The product might be isolated free of dimethyl succinate by exchanging the extraction with dichloromethane for a continuous extraction with diethyl ether. However, in our hands this reduced the yield to 34%, far from the 62% reported by Fissekis and Sweet (9) lsocytosin-5-ylacetic acid (7) . This procedure is a modification of the one published by Beran et al. (10) . Sodium methoxide (41.9 g, 0.78 mol) was dissolved in dry methanol (200 ml) and guanidine hydrochloride (49.4 g, 0.52 mol) was added. The mixture was stirred for 10 min under nitrogen at room temperature. A solution of methyl a-formylsuccinate (30.0 g, 0.17 mol) in dry methanol (100 ml) was added to the mixture. The reaction mixture was refluxed under nitrogen for 3 h and then stirred at room temperature overnight. Subsequently, the reaction mixture was filtered, and the filter cake was washed once with methanol. The collected filtrate and washing were evaporated under reduced pressure. The resulting residue was dissolved in water (80 ml) and the solution was acidified with concentrated hydrochloric acid to pH 4.2. After having been stirred at 0°C the mixture was filtered, the precipitate washed once with water and then freeze-dried leaving 28.29 g (97%) of the title compound as a white solid.
Calculated forC 6 Due to the poor solubility properties of the product it was further characterized as its sodium salt. 7 (0.42 g, 2.5 mmol) and sodium bicarbonate were dissolved in boiling water (35 ml). The solution was cooled and evaporated. The residue was dissolved in water (6 ml) and ethanol (4 ml) and isopropanol (8 ml) were added. The sodium salt of 7 was collected by filtration, washed with absolute ethanol and petroleum ether and dried to yield 0.31 g (65%) as white crystals.' H-NMR (D 2 O/TMS): 8 = 3.10(s,2H,CH 2 COO);7.40(s, 1H, H-6). (8) . Thionylchloride (3.6 ml, 50 mmol) was added to stirred methanol (210 ml) at -40°C under nitrogen. Isocytosin-5-ylacetic acid (7, 7 .0 g, 41 mmol) was added and the reaction mixture was stirred at room temperature for 1 h, at 60° C for 3 h and overnight at room temperature. The reaction mixture was evaporated todryness and the residue was dissolved in saturated aqueous sodium bicarbonate (80 ml) giving a foamy precipitate. 4 M hydrochloric acid was added to pH 6.5 and the suspension was stirred for 1 h. The precipitate was collected by filtration, washed with water, recrystallized from water and freeze-dried yielding 4.66 g (62%) of methyl isocytosin-5-ylacetate as white crystals.
Methyl isocytosin-5-ylacetate
'H-NMR (DMSO-^VTMS): 8 = 3.28 (s, 2H, CH 2 COO); 3.64 (s, 3H, COOMe); 6.87 (br s, 2H, NH 2 ); 7.54 (s, 1H, H-6). 
Methyl N 2 -(benzyloxycarbonyl)isocytosin-5-ylacetate (9)
. Methyl isocytosin-5-ylacetate (8, 9.5 g, 52 mmol) was dissolved in dry DMF (95 ml) and the solution was stirred at 0°C under nitrogen. /V-Benzyloxycarbonyl-yV-methylimidazolium triflate (37.99 g, 104 mmol) was added slowly and the reaction mixture was stirred for 30 min at 0°C and then overnight at room temperature. Dichloromethane (800 ml) was added and the resultant mixture was washed with half-saturated aqueous sodium bicarbonate (2x400 ml), half-saturated aqueous potassium hydrogen sulfate (2x400 ml) and with brine (1x400 ml). The organic phase was dried (MgSO4), filtered and evaporated under reduced pressure. The residue was recrystallized from methanol affording 13.32 g (81 %) of the title compound as white crystals.
' 
-(Benzyloxycarbonyl)isocytosin-5-ylacetic acid (10, 2.0 g, 6.6 mmol) was transferred to a flask equipped with a stirring bar and a septum through which a flow of nitrogen was applied. Dry DMF (20 ml) and Af-methylmorpholine (2.2 ml, 19.8 mmol) were added. The mixture was cooled to 0°C and ethyl N-(2-Boc-aminoethyl)glycinate (1.8 g, 7.3 mmol) and 0-benzotriazol-1 -y\-N, N, N", W-tetramethyluronium hexafluorophosphate (HBTU, 3.0 g, 7.9 mmol) were added. The reaction mixture was stirred under nitrogen for 4 h followed by addition of dichloromethane (100 ml). The organic phase was washed with half-saturated aqueous sodium bicarbonate (2x75 ml), half-saturated aqueous potassium hydrogen sulfate (2x75 ml) and with brine (1x75 ml), dried (MgSO4), filtered and evaporated under reduced pressure. The residue was dissolved in ethyl acetate (50 ml), stirred at 0°C for 10 min and filtered through celite which was washed with ethyl acetate. The collected filtrate and washing were concentrated to a volume of 10 ml. Diethyl ether (100 ml) was added and the resultant solution was stirred overnight at room temperature. The product was collected by filtration, washed once with diethyl ether and dried to yield 2.6 g (74%) of the title compound as white crystals.
Due to hindered rotation around the amide bond several of the NMR signals are comprised of a major (ma) and minor (mi) component. 1 (12) . Ethyl A^(2-Bcc-aminoethylHV-(N 2 -(benzyloxycarbonyl)isocytosin-5-ylacetyl)glycinate (11, 1.6 g, 3.0 mmol) was dissolved in methanol (16 ml) by gentle heating. The solution was cooled to 0°C and 2 M sodium hydroxide (23 ml) was added. The reaction mixture was stirred at room temperature for 75 min and then cooled to 0°C again. The pH was adjusted to 1.7 and the product was collected by filtration, washed once with water and dried to give 1.24 g (82%) of 12 as white crystals. Due to hindered rotation around the amide bond several of the NMR signals are comprised of a major (ma) and minor (mi) PNA oligomerization was performed as previously described (2,3), and the PNA and egl linker monomers were obtained from BioSearch (Massachusetts). The PNA oligomers were purified by reversed phase HPLC and characterized by FAB mass spectroscopy. All PNAs produced an M+l peak within 1-2 mass units of the calculated value.
N-(2-Boc-aminoethyl)-N-(N 2 -(Benzyloxycarbonyl)isocytosin-5-ylacetyl)glycine
Strand displacement binding of bis-PNAs to a 32 P-labeled double-stranded DNA fragment probed by KMnO4 oxidation
A 32 P-end labeled EcoRl-Pvull fragment of the plasmid pTHa (11) was incubated with PNA in 100 (xl 10 mM Na phosphate, 1 mM EDTA, pH 7 for 60 min at 20°C, and subsequently treated with KMnO4 (20 mM for 15 s). Following precipitation and treatment with piperidine (1,7) the samples were analyzed by electrophoresis in polyacrylamide sequencing gels and the radioactive DNA bands visualized by autoradiography.
RESULTS AND DISCUSSION
By preparing the bis-PNAs in a continuous synthesis the two PNA moieties will form an antiparallel clamp. A flexible, hydrophilic linker based on 8-amino-3,6-dioxaoctanoic acid (egl) was used to connect the two PNA segments, and computer model building (using the Biosym software Insightll and Discover) indicated that three linker units would be suitable. The bis-PNAs were synthesized by standard solid phase f-Boc-peptide chemistry as previously reported (2,3), purified by reversed phase HPLC, and characterized by FAB mass spectrometry.
The hybridization results presented in Table 1 show that a small but significant increase in T m is gained by linking die two PNAs together (I versus 4 + 5). As expected, only a small difference is observed when comparing DNA targets of opposite polarity. The slight difference is ascribed to the effect of the lmker which is positioned at the 3'-and 5'-end of the oligonucleotide, respectively. The T m also exhibits a strong pH dependence due to the requirement for protonation of the cytosines in the Hoogsteen strand. It has previously been shown that changing cytosine to pseudoisocytosine in the Hoogsteen strand (Fig. 1) abolishes the pH sensitivity of the DNA triplex (12,13) without seriously affecting the stability of the triplex. Likewise, 8-oxoadenine has been employed to recognize guanine in the Hoogsteen mode (14-17). However, synthesis of the PNA pseudoisocytosine monomer seemed more straightforward (Scheme 1). We therefore synthesized bis-PN As with thymines and cytosines in the one strand and thymines and pseudoisocytosines in the other PNA strand (2 and 3). The complexes of these PN As with complementary oligonucleotides showed thermal stabilities at acidic pH (pH 5) comparable to that of the bis-PNA I complex. However, in the complexes where the cytosine PNA strand is anti-parallel to the DNA target (and thus the pseudoisocytosine strand is parallel), almost no pH dependence of the T m is observed (complexes 2/1 and 3/11), indicating that the orientation directs the complex formation in a way that orients the Watson-Crick strand in the anti-parallel configuration and thus the Hoogsteen strand in the parallel configuration. Concordently, the complexes 2/II and 3/1 show pH dependence of the T m , indicating that the cytosine PNA strand in these cases is involved in Hoogsteen hydrogen bonding. Finally, we note that the pronounced hysteresis of the melting behavior usually observed with (PNA)2/DNA triplexes (-30 °C for PNA 4), indicating a very slow rate of triplex formation, is dramatically reduced in the case of bis-PN As (2-3 °C for PNAs 1-3). This is ascribed to the high local concentration of the now covalently linked second PNA strand. Thus significantly higher DNA affinity, due to a faster on-rate, would be predicted for triplex-forming bis-PNAs as compared to monomeric PNAs.
As shown in Table 2 , the sequence discrimination of the bis-PNA 3, as judged from thermal stability measurements, is better than that found for monomeric PNAs and the very high cost in stability (~30°C) for a base mismatch reflects the 2-fold recognition process involving both PNA strands. Table 1 . Binding to double-stranded DNA was analyzed using a 32 P-end labeled DNA fragment containing the PN A target and probing for strand displacement using KMnO4, since thymines in the displaced loop will react with KMnC>4 (1,5). The results (Fig. 2) show that all three dimeric PNAs bind efficiently to doublestranded DNA, whereas the monomeric PNA 4 does not (only a very weak thymine oxidation is seen even at the highest PNA concentration; lane A4). The observed KMnO4 sensitivity of the thymines outside the PNA target is ascribed to increased DNA breathing proximal to the bound PNA. The most efficient binding is, not surprisingly, observed with PNA 3 having the cytosines in the anti-parallel (Watson-Crick) PNA strand and the pseudoisocytosine in the parallel (Hoogsteen) PNA strand. Furthermore, the binding did not exhibit the strong pH dependence observed with PNAs containing cytosines in the Hoogsteen strand (5).
In conclusion, we have shown that bis-PNAs with superior DNA binding properties can be constructed by incorporation of nucleobases chosen independently for optimal Watson-Crick and Hoogsteen recognition.
